Abstract. Forseveral years, GPSobservations have been made yearround at the Swiss Camp, Greenland. TheGPSdataarerecorded for 12hours every10-15 days; dataarestored in memory and downloaded duringtheannual fieldseason. Traditional GPSanalysis techniques, where thereceiver is assumed notto move withina 24hourperiod, isnot appropriate at theSwiss Camp, where horizontal velocities areontheorder of30cm/day. Comparison ofanalysis strategies forthese GPSdataindicate thatarandom walkparameterization, withaconstraint of1-210-_ km/sqrt(sec) minimizes noise dueto satellite outages withoutcorrupting theestimated icevelocity. Lowelevation angle observations should beincluded in theanalysis in order to increase thenumber ofsatellites viewed at each dataepoch.
Introduction

GPS observations
on the Greenland ice sheet are generally restricted to campaign style measurements made during the summer field season. By comparison of measurements made in different years, the velocity of locations on the ice sheet can be determined with a precision of better than 10 cm/yr [Thomas et al., 2000] . While annual GPS measurements are extremely useful, the ice flow velocity estimates extracted from these observations assume that velocity is constant throughout the year. In order to investigate the variability of ice flow velocities, continuous or quasi-continuous GPS icean sheet areor should beconstant. Observations ofinterannual variations in iceflowvelocities would provide valuable insight about theflowcharacteristics thatmaybelinkedtoseasonal parameters.
In 1996 anexperiment wasbegun to measure variations in iceflowvelocity near theSwiss Camp (Figure1). Established in 1990 at thenominal equilibrium line,theSwiss Camphasprovided an extensive record ofclimatological variables andinputforenergy balance models [Ste_en and Box, in press] . Because the equilibrium line is the boundary between areas of net mass gain (accumulation) and net mass loss (ablation), ice sheet behavior in this vicinity is of great interest. Morever, the existing infrastructure and extensive ancillary data make the site particularly well-suited for a geodetic study of the ice sheet.
Installation at Swiss Camp
A dual frequency GPS antenna was mounted on a 4-meter long (0.09 m outer diameter) pole which was placed into a 2-meter deep hole that was drilled into the ice. This left 2 meters extending above the ice (Figure 2 ) to ensure that the antenna would remain above any snow accumulation that would occur during the measurement period. Snow accumulation was typically between 1 and 1.5 meters. The pole was aligned vertically using a level and then frozen into the ice for stability. Attached to the top of the pole is a specially designed leveling/mounting device that allows for easy leveling and orientation from5 to 40Mbytes of internal memory sothatanentirefieldseasons' results couldbestored in it.
Manygeodetic GPSusers cover antenna,_ withplastic dome toavoid build-up ofsnow (anddirt) onthe antenna element. A protective dome wasnotinstalled attheSwiss Camp because windis sufficient to remove snow fromtheantenna. TheGPSreceiver wasprogrammed to make observations for 12hours at regular intervals. Thespacing andlength ofthesurveys waslimitedbyavailability ofsunlight to power thebatteries aswellasinternal memory tostorethemeasurements. Wintermeasurements were made at 15-day intervals, whilemeasurements therestoftheyear were made at 10-day intervals. 
3.
GPS Analysis
With the creation and expansion of the International GPS Service (IGS) [Beutler et al., 1994] , and its associated analysis centers, it has become far easier for polar scientists to use GPS for precise applications such as the one described in this paper. The IGS uses a globM tracking network to estimate very precise GPS orbits and Earth orientation parameters. This network is also used to determine precise coordinates which are used to define the International Terrestrial Reference Frame (ITRF97) [Boucher et al., 1999] . Positions of the Swiss Camp were estimated with respect to ITRF97.
The GPS observations from Swiss Camp were analyzed using the GIPSY software developed at the Jet Propulsion Laboratory (JPL) [Lichten and Borders, 1987] . Both the pseudorange and carrier phase data are used in GIPSY solutions, although the precision of the coordinate estimates are controlled by the more precise carrier phase observations. The carrier-phase and pseudorange observables, (A¢_ and P_) for a given satellite s and receiver r can be written as:
and
where $ is the carrier wavelength; pg is the geometric range, defined as I._ _ --fr[; )_ is the satellite position at the time of signal transmission; )_r is the receiver position at reception time; 5r and 5s are the receiver and satellite clocks, respectively; pt and p_ are the propagation delays due to the troposphere and ionosphere; N_ is the carrier-phase ambiguity or bias. Included in N: are phase delay terms originating in the receiver and the satellite transmitter; c is the speed of light. % and % are noise terms for the pseudorange and carrier phase observables, respectively. For simplicity, multipath errors are not shown.
While the receiver produced observations at 15 second intervals, the data were later decimated to extremely helpful forresolving cycleslips, which areparticularly problematic at highlatitudes. Data fromthetwoGPSfrequencies, L1 and L2, are combined to remove most of the effects of the ionosphere (p_). Along with the data from Swiss Camp, data from the other sites in Greenland ( Figure 1 ) were also analyzed, although the positions of these sites were not allowed to w_ry with time.
The GPS parameter estimation strategy used is summarized in Results were compared using different correlation lengths; they were found to be no more precise or accurate than a random walk model, so the focus of this paper is the random walk model. For comparison, white noise coordinate estimates were also estimated.
Fora random walktheposition oftheGPSreceiver, x, is defined:
where w is random noise and the indices k + 1 and k refer to increments in time. The noise covariance qk is:
q then is the variance per unit time and generates the random walk [Te_chnical Staff, 1974] . In the GIPSY software, x/q is an input; the units of this parameter are km/x/se-c. Following the GIPSY notation, x/q will be referred to as ar_; the units will always be defined as above.
A value of aT_ needs to be chosen which is appropriate for the time scales found in the data. One must first assess how much the positions vary in time. For many geophysical applications, temporal variability is small, e.g. positions move 0.1 to 10 cm/hr. A ar_ value for these time scales should be chosen in such a way as to minimize noise in the estimates.
If ar_ is too small, the position estimates will be biased towards no motion.
In any case, a ar_ chosen for slow moving geophysical applications would not be appropriate for other GPS filtering applications, such as for data collected on a moving aircraft. In the latter case, white noise estimation would be appropriate.
Analysis and Discussion of Scoresbysund Data
The selection of the optimal a_ value for Swiss Camp is complicated by the fact that while the ice is moving, we do not know its velocity exactly and we cannot be sure that the velocity in summer, for example, is the same as the velocity in winter. Ideally we would like to test our filtering strategy on a data set collected with the same satellite geometry as Swiss Camp but with exact knowledge of how fast the receiver (or ice) moved. Scoresbysund (Figure 1 ) is ideally located for testing Swiss Camp filtering strategies. Scoresbysund (70.48 degrees) is at a similar latitude as Swiss Camp (69.57 degrees).
Unlike Swiss Camp, it is continuously operating and can be used to assess the impact of "data quality" on position estimates over an entire year. Elosegui et al. [1996] built an apparatus that moved a GPS antenna at a predefined velocity, 1 mm/hr, and then varied their filtering strategy to see which best recovered the given antenna velocity.
Alternative filtering strategies can be tested using observations from Scoresbysund with a simulated a priori velocity. In each case, the a priori receiver position is defined to move horizontally by 30 cm/day. When the receiver position is subsequently estimated, it should move at a velocity which is the negative of the input velocity, since the Scoresbysund receiver didn't actually move.
Several Scoresbysund solutions have been highlighted in Figure 4 . These will be used to illustrate some of the features in the data, particularly as they relate to data quality and varying filtering strategies.
In each case the number of visible satellites above a 10 degree elevation cutoff is shown. An a priori velocity of 30 cm/day was input into the horizontal receiver coordinates, and subsequently that same signal was removed so that the residual position estimates could be inspected ( Figure 5 ).
ar_ was set to 10 -_ km/sqrt(sec). The two numerical solutions shown used different elevation angle cut-offs. Formanyyears a 15degree cutoff wasusedin manygeodetic analyses [Lichten and Border, 1987; Blewitt, 1989] , although others used even higher cutoffs, e.g. 20 degrees [Bernese reference]. Most cycle slips occur at lower elevation angles, and the data are, in general, aoisier because of multipath.
It is also more difficult to accurately correct the tropospheric delay at the lower elevation angles. For all these reasons, lower elevation data are frequently discarded. Subsequent work has shown that a more reliable vertical estimate can be determined by using lower elevation angle data [Bar Sever et al., 1998 ]. This was also the case for the kinematic simulation for Scoresby,_und. Inclusion of the lower elevation angle data has little influence on the horizontal velocities but has a pronounced impact on the vertical velocity. The slope of the vertical displacement (bottom panel of Figure 5 ) is reduced from -3.4
cm/day to -0.2 cm/day by using an elevation angle cutoff of 10 degrees, which significantly improves the agreement with the a priori velocity of 0 cm/day.
The top panel of Figure 5 shows a significant data outage in the fir_,i 3 hours of data. This could be a real satellite outage or could be related to the quality of receiver tracking on July 5. PDOP is shown in Figure 6 for both the actual number of satellites that were bro_dcasting on that day and the satellites observed by Scoresbysund. It is apparent that the receiver had great difficulty tracking at approximately 01:00 UTC. This will, in general, result in poorer ability to resolve position and velocity. Assuming that a sufficient number of satellites are available, we still have not resolved the issue of choosing an optimal value of ar_. The impact of varying arw in the time domain is shown in Figure   8 . Each of the cases discussed above used 24 hours to resolve velocity. Because of memory and power limitations, only 12 hours of GPS data will be available at the Swiss C;unp. It would be useful to determine how much data would be required to estimate an accurate velocity. In Figure 10 solutions are computed for three values of ar_, 710 -8, 10 -7, and 310 -7. The solutions are also computed using different lengths of time, ranging from 3-24 hours. Again, the north component needs fewer data to correctly estimate the input velocity of 30 cm/day; the east component results suggest our observing period should have been a little longer than 12 hours, with converged solutions at 15 hours. We can use the misfit so as to properly estimate the velocity uncertainties computed for Swiss Camp.
In each of the cases shown above, the solutions were bias fixed (N,.S). This is also known as ambiguity resolution. The value of ambiguity resolution for static GPS applications has been long established [Blewitt, 1989; Dong and Bock, 1989] and it would be unexpected if ambiguity resolution didn't improve the position estimates. For the sake of completeness, GPS position estimates at Scoresbysund are shown in Figure 11 , with and without ambiguity resolution. Clearly the filter solution for the east and vertical bias free solutior, disagrees markedly with the a priori input, with little effect on the north component.
Analysis and Discussion of Swiss Camp Data
As noted previously, the Swiss Camp receiver was programmed to operate at regular intervals throughout the year, with more frequent operation in the spring-summer-fall. The number of usable observations is shown in Figure  12 , for both 10 and 15 degree elevation angle cutoffs. 
Conclusions
It has been demonstrated that autonomous GPS systems can be successfully deployed on the Greenland ice sheet. In this experiment, solar cells and battery power were used to operate the equipment.
Other investigators have tried to use wind power (in Antarctica), with much less success.
The receiver appears to have operated with little difficulty in the extreme temperature environment.
Solutions computed at Scoresbysund demonstrate the value of tracking satellites at lower elevation angles. This suggests that older model receivers (8 channels) should not be used; newer models that can track up to 12 satellites will result in more robust solutions.
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